Background {#Sec1}
==========

The *Taxodium* genus contains extremely flood-tolerant conifer species, including three taxa, i.e. baldcypress (*T. distichum* var. *distichum*), pondcypress (*T. distichum* var. *imbricarium*) and montezuma cypress(*T. mucronatum*). They are diploid, with the chromosome number (n) in every haploid cell11 (2n = 22) \[[@CR1]\]. The DNA content of baldcypress's diploid cell was measured to be 19.90 pg/2C, using flow cytometry \[[@CR2]\]. Thus a diploid genome size was about 19.46 Gb, estimated using the formula of Dolezel et al. \[[@CR3]\]. *Taxodium* is native to North America and Mexico, and was introduced to China in 1917. Constant cross and backcross breeding efforts have been made among the three *Taxodium* species since the 1970s, and a batch of excellent new varieties named 'Zhongshanshan' have been selected from their hybrids. *Taxodium* hybrids 'Zhongshanshan' are now widely grown for economic and ecological purposes in southern China, primarily due to their fast growth, straight trunk, good wood properties, and strong adaptability to various environments \[[@CR4], [@CR5]\].

Growth traits are the primary determinant of adaptation and productivity for forest tree species. Tree growth is a complex muti-factorial trait determined by the expansion and division of cells in the apical and cambial meristems, photosynthesis efficiency level, water and nutrient use effiency, phenology, and abiotic/biotic stress resistance. Quantitative trait loci (QTL) mapping has remarkable advantages in revealing the genetic architecture of complex traits like growth \[[@CR6]\]. A dense genetic map is the determinant for efficient and accurate QTL mapping. Until 2014, the density of forest tree genetic maps were generally low, mostly between 2.7 and 17.6 centiMorgans (cM) \[[@CR7]\], mailnly due to the limited number and low polymorphism of the markers used.

Single nucleotide polymorphism (SNP) markers are powerful tools in genetics because of their abundance and even distribution in genomes. Current techniques used for large-scale SNP genotyping of conifers include SNP genotyping chip \[[@CR8]--[@CR11]\], exome capture \[[@CR12]\] and restriction-enzyme-based next-generation sequencing (NGS) \[[@CR13]\]. One of the most difficult problems in the application of SNP genotyping chip and exome capture technique to non-model species is the acquisition of probes. The design of probes need the availability of high-quality reference genome sequences, which is still difficult to achieve for most conifers. Besides, the development of large-scale probes is usually cumbersome, time-consuming and expensive. Restriction-enzyme-based NGS integrating marker development, sequencing and genotyping into one experimental process \[[@CR14]\], has great advantages in efficiency over the others, especially for non-model species with no existing genomic data. The restriction-enzyme-based NGS techniques can be divided into two categories according to whether or not they select fragment sizes prior to PCR amplification \[[@CR14], [@CR15]\]. The first category, represented by reduced-representation libraries (RRLs) and restriction-site-associated DNA sequencing (RAD-seq) (and its derivative techniques), conducts the size selection step of the digested fragment before PCR amplification. The other category, represented by genotyping by sequencing(GBS), does not select the size of the digested fragment before PCR amplification. The size selection of digested fragments is very important to improve the efficiency of tag utilization. Compared with GBS technology, RAD technology can obtain more consistent tags among different products under the same amount of sequencing data \[[@CR15]\].

The classical RAD-seq technology has several shortcomings, such as more operation steps and shorter read length. Specific-locus amplified fragment sequencing (SLAF-seq) \[[@CR16]\] is an improved RAD-seq technology developed in recent years. SLAF-seq uses bioinformatics method to simulate the results of enzyme digestion, selects the most suitable restriction enzymes for double digestion according to research needs, and then carries out double end sequencing on Illumina platform. SLAF-seq technology can effectively avoid repetitive sequences in the genome, increase the effective reads obtained by sequencing, improve the efficiency of molecular marker development, and develop SNP markers with good stability and uniform distribution in the genome. SLAF-seq has been efficient in constructing dense genetic maps with mean marker distances ≤1 cM in many woody plants. For example, the mean marker distance is 1.0 cM in *Camellia sinensis* \[[@CR17]\], 0.95 cM in *Juglans regia* \[[@CR18]\]**,** 0.82 cM in *Salix matsudana* \[[@CR19]\] and 0.774 cM in *Paeonia* Sect. *Moutan* \[[@CR20]\]**.** Therefore, SLAF-seq is a mature technology that can be used for large-scale de novo marker development and high-density map construction of woody plants with complex genomes.

For *Taxodium*, only a framework genetic map using sequence-related amplified polymorphisms and SSR markers have been generated to date \[[@CR21]\], which produced a low map density with only 179 markers. The total map distance was 976.5 cM, with an average distance of 7.0 cM between markers, and there were34 linkage groups (LGs), which was about triple the haploid number of chromosomes in *Taxodium*. This implies a limitation in the effectiveness for QTL analysis. Here, we used an F~1~ interspecific backcross family of *T. distichum* var. *distichum* × *T. mucronatum* that contained 157 individuals to construct a dense genetic map using SLAF-seq technology. QTLs underlying the growth traits and candidate genes correlated to four growth traits, seedling height (SH), basal diameter (BD), crown width (CW) and diameter at breast height (DBH), were also analyzed. To our knowledge, this is the first high-density genetic map developed in *Taxodium*.

Methods {#Sec2}
=======

Plant material and DNA isolation {#Sec3}
--------------------------------

The backcross population of *T. distichum* var. *distichum* and *T. mucronatum* was used as the mapping population. *T. distichum* var. *distichum* is an "elite" clone selected from the arboretum at the Institute of Botany in Nanjing, Jiangsu Province. *T. mucronatum* was planted on the campus of Southeast China University. In 1973, an interspecific hybridization was carried out between *T. distichum* var. *distichum* (female) and *T. mucronatum* (male) at the Institute of Botany. Then an excellent clone named 'Zhongshanshan 302' was selected from the F~1~ hydrids in 1988. We bred the interspecific BC~1~ population (*T. distichum* var. *distichum* × *T. mucronatum*) × *T. mucronatum* in 2011 in which the F~1~ 'Zhongshanshan 302' was used as the seed parent and the same *T. mucronatum* individual was the recurrent parent. This 5 years old population was planted at a nursery site in Jurong, Jiangsu Province now, and among them, 157 real BC~1~ progenies were used to draw the map. Fresh tender leaves of all the BC~1~ progenies and their parents were collected in Spring, and their genomic DNA were extracted following the protocol of the Plant Genomic DNA Rapid Extraction Kit (Bioteke, Beijing, China).

SLAF-seq library construction, sequencing and SLAF marker development.

SLAF-seq technique \[[@CR16]\] was used to develop high-density molecular markers for the 157 BC1 progeny and two parents. When the experiment was started, there was no reference genome released for Taxodiaceae species, so *Picea asperata* Mast (<http://congenie.org>) was selected for the in silico enzyme digestion prediction based on the *Taxodium* genome size and GC content information. Based on the results of the pre-design experiment, SLAF libraries were constructed as follow. Genomic DNA was first digested with restriction enzyme RsaI (New England Biolabs (NEB), Beverly, MA, USA). Subsequently, an A nucleotide overhang was added to the digested fragments by Klenow Fragment (3′ → 5′ exo−) (New England Biolabs) and dATP at 37 °C. The duplex tag-labeled sequencing adapters (PAGE-purified; Life Technologies, USA) was ligated to the A-tailed fragments by T4 DNA ligase (NEB). Polymerase chain reactions (PCR) were carried out using the diluted restriction--ligation samples, dNTPs, Taq Q5® High-Fidelity DNA Polymerase, the forward primer (5′-AATGATACGGCGACCACCGA-3′), and the reverse primer (5′-CAAGCAGAAGACGGCATACG-3′). The PCR products were then purified using Agencourt AMPure XP beads (Beckman Coulter, High Wycombe, UK) and pooled. The pooled samples were separated using 2% agarose gel electrophoresis. Fragments ranging from 414\~ 464 bp (with indexes and adaptors) in size were excised and purified using a QIA quick gel extraction kit (Qiagen, Hilden, Germany). Gel-purified products were then diluted. Paired-end sequencing (125 bp from both ends) was performed using an Illumina HiSeq 2500 system (Illumina, Inc., San Diego, CA, USA) according to the manufacturer's instructions. *Oryza sativa japonica* was chosen as the control to evaluate the accuracy and validity of the experiment. After sequencing, raw data were filtered, SLAF markers were detected and polymorphic SLAF markers were developed according to the methods of Zhang \[[@CR19]\].

Genetic map construction {#Sec4}
------------------------

The genetic map was constructed using HighMap \[[@CR22], [@CR23]\]. Firstly, the recombination rate and modified logarithm of odds (mLOD) scores between SLAF markers were calculated, then the SLAF markers having mLOD scores *\<* 3 with all the other SLAF markers were removed, and the remaining SLAF markers were divided into different LGs according to their mLOD scores. Finally, the linear arrangement of markers on each LG and the genetic distances between adjacent markers were obtained used the maximum likelihood method. Kosambi function was used for the mapping. The observed genome length (Go), expected genome length (Ge) and map coverage (Go/Ge) were estimated using methods of Chakravarti et al. \[[@CR24]\]. Haplotype maps and marker recombination heat maps were used to evaluate the quality of the map.

Segregation distortion (SD) analysis {#Sec5}
------------------------------------

Since distortedly segregated markers are ubiquitous and would affect the mapping results and QTL analysis, partial distorted polymorphism markers showing significance levels between 0.01 and 0.05 (0.01 \< *p* \< 0.05) were maintained to construct the map. The final number of distorted markers on the map and their distribution on LGs were analyzed. Regions on the map having more than three consecutive adjacent distorted markers were defined as SD regions (SDRs). Since each SLAF marker contained a 100× 2-bp sequence information, they can be used for a deeper analysis. Genes within SDRs were identified through comparisons with the unigene database of 'Zhongshanshan 406' \[[@CR25]\] and 'Zhongshanshan 405' \[[@CR26]\] using the BLASTN algorithm. In total, the libraries of 'Zhongshanshan 406' \[[@CR25]\] and 'Zhongshanshan 405' \[[@CR26]\] contained 23.1 G and 27.5 Gbyte of clean data and generated 108,692 and 70,312 unigenes, respectively. To guarantee the accuracy of the result, strict thresholds were set with an E-value cut-off of 1e-40 and identities greater than 95% were required.

QTL mapping for growth traits and annotation of genes within major QTL intervals.

The four growth traits were measured in 2--3 continuous years. The SH was measured in three years, 2014--2016, the BD and CW were measured in 2014--2015, and the DBH was measured in 2015 and 2016. The SH, BD and DBH were measured between November and December, and the CW was measured between July and August. The phenotypic measurement of SH, BD and CW were conducted according to the method of Wang et al. \[[@CR12]\], and DBH was measured on the main stem, 1.35 m above the ground. The correlation coefficients among all the phenotypes were analyzed by the SPSS 16.0 statistical software.

QTLs underlying the four growth traits were identified by both composite interval mapping (CIM) and inclusive composite interval mapping (ICIM) methods using R/QTL v3.1.1 \[[@CR27]\] and IciMapping software v4.0 \[[@CR28]\] software, respectively. Firstly, QTLs of each trait in different years were identified by CIM methods with the package R/QTL. The LOD significance thresholds were determined using 1000 permutation test (*P* \< 0.05). QTLs with a LOD value between the permutation test LOD threshold and 2.0 were identified as suggestive QTLs. Then, a combined analysis of individual traits in the 2--3 environments were conducted using QTL IciMapping software v4.0. QTL detection was performed using the ICIM method under the bi-parental populations model, and the LOD threshold was set to be 2.5. Genes in the target QTL regions were also predicted using the BLASTN algorithm as mentioned above.

Results {#Sec6}
=======

Analysis of SLAF-seq data and SLAF marker detection {#Sec7}
---------------------------------------------------

Illumina sequencing data were deposited in the NCBI SRA database under accession number PRJNA486869. 40,766,678 paired-end reads, 30,306,654 paired-end reads, and 12,082,377 paired-end reads were generated for *T. distichum* var. *distichum* (male parent), *T. mucronatum* (female parent), and the BC~1~ individuals, respectively (Table [1](#Tab1){ref-type="table"}). The percentage of bases with a Phred value \> 30 was 90.59%, and the average guanine--cytosine content was 36.22%. Based on the high quality paired-end reads, 524,662 SLAFs were defined (Table [1](#Tab1){ref-type="table"}). The average sequencing depths of SLAFs in *T. distichum* var. *distichum* and *T. mucronatum* were 28.49-fold and 25.18-fold, respectively, and the average sequencing depth in BC~1~ plants was 11.12--fold (Table [1](#Tab1){ref-type="table"}). Of these 524,662 SLAFs, 249,619 (47.58%) were polymorphic, and 593 (0.11%) were located in repetitive regions (Table [2](#Tab2){ref-type="table"}). Then, the 249,619 polymorphic SLAFs were sorted into eight segregation patterns as follows: aa×bb, ab×cc, ab×cd, cc × ab, ef × eg, hk × hk, lm × ll and nn × np. Because the BC~1~ population is considered an inbreeding population, only the 72,466 SLAFs falling into the aa×bb segregation pattern could be used for linkage analysis (Fig. [1](#Fig1){ref-type="fig"}).Table 1SLAF-seq data summaryFemale parentMale parentOffspringTotalTotal reads No. of reads40,766,67830,306,65412,082,3772016.336(M) Q30 Percentage(%)88.3289.9890.6190.59 GC Percentage(%)36.5336.4136.2236.22Initial SLAFs No. of SLAFs303,472337,850312,008524,662 Total SLAF depth8,645,3418,508,6093,468,234 Average SLAF depth28.4925.1811.12SLAF markers on the map No. of SLAF markers615661566126 Total Depth347,532391,400187,855 Average Depth56.4563.5830.67'GC' represents guanine-cytosine, 'Q30 Percentage' represents the percentage of bases with a Phred value \> 30Table 2Classification of SLAFsTypePolymorphicNon-polymorphicRepetitiveTotalNumber249,619274,450593524,662Percentage47.58%52.31%0.11%100.00%Fig. 1Gnotype distribution of SLAF markers. The Y axis is the number of SLAFs, the X axis is the type of SLAFs

High-density genetic map {#Sec8}
------------------------

To ensure the accuracy of genotyping, the SLAFs that met any of the following criteria were removed: (1) depths of less than 10-fold in each parent; (2) more than three SNPs; (3) a genotype integrity in the BC~1~ population of less than 90%; and (4) significant SD (*p* \< 0.01). After filtering, a final set of 6166 high-quality SLAF markers were used for genetic map construction using the HighMap \[[@CR22]\] method. As a result, a high-density genetic map harboring 6156 SLAF markers on 11 LGs was constructed, while the remaining10 SLAF markers failed to be linked to any group (Table [3](#Tab3){ref-type="table"}, Fig. [2](#Fig2){ref-type="fig"}). The average sequencing depths of these markers were 56.45-fold in *T. distichum* var. *distichum*, 63.58-fold in *T. mucronatum*, and 30.67-fold in BC~1~ individuals (Table [1](#Tab1){ref-type="table"}). The Go were 1137.86 cM, and the average observed map distance between two adjacent assigned markers was 0.18 cM (Table [3](#Tab3){ref-type="table"}). The length of each LG ranged from 86.2 cM (LG7) to 153.72 cM (LG8), and the number of SLAF markers per LG varied from 90 (LG6) to 987 (LG11). The degree of linkage between markers was reflected by a gap ≤5 cM and ranged from 99.45 to 100%, with an average value of 99.79%. The largest gap on the map was 10.91 cM and located in LG6. Because usually one SLAF can harbor 1\~ 3 SNPs, the 6156 SLAF markers, harbored 10,710 SNPs, and 64.52% of them were transition-type SNPs (Table [3](#Tab3){ref-type="table"}). Haplotype maps showed that none of the LGs had singleton, expect a low singleton percent (1.74) for LG6. Similarly, none of the LGs had missing SLAFs, expect a 4.71% on LG6. Thus there was a good linear order of markers on LGs (Additional file 1). Heat maps showed that the linkage relation were strong between adjacent markers, and became gradually weaker as the marker distances increasing, indicating the correct order of the markers on LGs (Additional file [2](#MOESM2){ref-type="media"}).Table 3Description on basic characteristics of the 11 LGsLG IDSLAFSNPNumberTotal distance (cM)Average distance(cM)Gap \< 5 cM(%)Max gap(cM)NumberTrvTriTrv/TriLG1794108.20.14100.003.0613554808750.55LG233694.150.28100.004.775852093760.56LG336686.180.2499.455.76312234080.55LG452885.230.1699.817.799473256220.52LG549196.330.299.805.498583115470.57LG690118.31.3196.6310.91159571020.56LG751986.20.1799.815.498872965910.5LG8916153.720.1799.787.07158258210000.58LG9486123.720.2599.795.378352895460.53LG1064372.020.1199.846.1811564297270.59LG11987113.810.1299.905.87171559911160.54Total61561137.860.1899.7910.9110,710380069100.55'Gaps≤5' represents the percentage of gaps in which the distance between two adjacent markers was smaller than 5 cM; 'LG' the abbreviation of linkage group; 'cM' means centiMorgan; 'Trv' represents transversion-type SNP; 'Tri' represents transition-type SNPFig. 2Distribution of SLAF markers of the 11 LGs. A bar indicates a marker and the segregation disrortion markers are highlighted in red. The *x*-axis indicates LG and the *y*-axis represents genetic distance (cM as unit)

Genome length and coverage estimation {#Sec9}
-------------------------------------

The Ge was 1138.23 cM. Based on this estimation, the genome coverage was 99.97%. With an estimated haploid cell DNA content of 9.73 Gb, the physical distance within 1 cM genetic distance was estimated to be 8.55 Mb. Therefore, the estimated physical distance ranged from 0.94 Mb to 11.2 Mb between adjacent SLAF markers, with an average of 1.54 Mb.

SD analysis {#Sec10}
-----------

In total, 562 (9.13%) significantly distorted SLAF markers were integrated into the map (Table [4](#Tab4){ref-type="table"}). They were noted in all LGs except for LG1 (Table [4](#Tab4){ref-type="table"}, Fig. [2](#Fig2){ref-type="fig"}). The frequencies of SD for markers in LG2 and LG4 were much higher than those of the other LGs at 22.93% and 20.64%, respectively. The lowest frequency of SD for markers was in LG6, which was the smallest LG with only 90 markers, and it had only one distorted marker (1.11%). The percentages of distorted markers for the two largest LGs (LG11 and LG08) were only 2.03% and 1.42%, respectively. All of the distorted markers were skewed toward the heterozygote (Table [4](#Tab4){ref-type="table"}).Table 4Summary of segregation distortion markersLinkage group IDNumberFrequency (%)HeterozygoteLG1000LG27722.9277LG3359.5635LG410920.64109LG57916.0979L G611.111LG710219.65102LG8131.4213LG99118.7291LG10355.4435LG11202.0320Total5629.13562'Frequency' is calculated as the number of distorted markers divided by the total number of mapped markers per LG. 'Heterozygote' indicated the number of loci exhibiting skewed genotypic frequencies toward heterozygote

Of the 562 distorted markers, 530 showed clustered distributions in 21 SDRs located on 9 LGs, of which 5 LGs (LG2, LG3, LG5, LG8 and LG10) had 2 SDRs, 2 LGs (LG4 and LG7) had 3 SDRs, LG9 had 4 SDRs and LG11 had only 1 SDR (Table [5](#Tab5){ref-type="table"}). Of these, 14 large SDRs with more than adjacent 10 distorted markers, were distributed on each LG. The largest SDR, clustering 63 distorted markers, was located on LG2 within a window starting at 45.724 cM and ending at 88.353 cM. Because the SDRs were believable to contain genes of interest, a BLAST algorithm-based search of the marker sequences (Additional file [3](#MOESM3){ref-type="media"}) in SDRs against 'Zhongshanshan' unigene database was also conducted. In total, 17 SLAF markers showed significant similarities to unigenes under strict thresholds (Additional file [4](#MOESM4){ref-type="media"}), and 11 of them were annotated (Additional file [5](#MOESM5){ref-type="media"}).Table 5Characteristics of the 21 segregation distortion regionsSDR nameLGMarker intervalMarker numberPhysical distance interval(cM)Length(cM)SDR2.12Marker28309-Marker833906345.724--88.35342.629SDR2.22Marker14643-Marker938411491.583--91.5830SDR3.13Marker50458-Marker369642829.629--48.39218.763SDR3.23Marker66278-Marker64302762.193--81.70419.511SDR4.14Marker100041-Marker9947868.434--8.4340SDR4.24Marker102672-Marker85251712.364--19.1066.742SDR4.34Marker2244-Marker88716647.72--47.720SDR5.15Marker110686-Marker42288149.681--29.60619.925SDR5.25Marker63315-Marker449266536.697--52.93716.24SDR7.17Marker38510-Marker790866344.061--55.32111.26SDR7.27Marker108601-Marker63468857.747--57.7470SDR7.37Marker45883-Marker27197872.45--76.5664.116SDR8.18Marker24306-Marker75217689.299--98.7149.415SDR8.28Marker16874-Marker283557110.605--111.1810.576SDR9.19Marker33824-Marker973122847.972--53.635.658SDR9.29Marker188850-Marker640572465.755--72.2946.539SDR9.39Marker23238-Marker365081473.662--76.2552.593SDR9.49Marker125877-Marker769472378.858--81.6542.796SDR10.110Marker97780-Marker23964951.069--54.653.581SDR10.210Marker49464-Marker966182658.952--68.7549.802SDR1111Marker11045-Marker724031455.337--55.3370'SDR' indicated segregation distortion region

QTL mapping and candidate gene prediction {#Sec11}
-----------------------------------------

Phenotypic correlations estimated between any two of the four traits in any particular year were significant (Table [6](#Tab6){ref-type="table"}). Additionally, every trait was highly correlated from year to year, indicating that they were poorly mediated by the growth environment. Separate QTL analyses of the four traits in different years were conducted using the CIM method of R/QTL package, and major QTLs were detected on LG2, LG4, LG6 and LG8 (Fig. [3](#Fig3){ref-type="fig"}), with LOD values varying between 2.14 and 6.0 and the proportions of variance explained by each QTL varying between 1.82 and 13.15% (Additional file [6](#MOESM6){ref-type="media"}). A genome scan showed that SH2016, SH2015, SH2014, BD2015 and BD2014 exhibited quite similar LOD profiles. Among them, three QTLs were significant. The 3rd significant QTL was detected on the top of LG2, the 2nd was detected on the bottom of LG4 and the 1st was detected in the middle of LG6. In this study, overlapping QTLs or adjacent QTLs separated by less than 5 cM were classified into the same locus. Based on this rule, all of the identified QTLs were classified into seven genomic regions (loci), with three loci on LG2, one on LG4, two on LG6 and one on LG8 (Additional file [6](#MOESM6){ref-type="media"}). Among them, the most repeated loci, *q6--2*, *q2--1* and *q4--1*, were detected eight, six and five times across traits and years, and they explained 4.52--13.35% of the observed phenotypic variation. *q2--2* and *q6--1* were detected twice. The remaining two loci, *q2--3* and *q8--1*, were detected only once. In conclusion, separate QTL analyses identified three stable loci, *q6--2*, *q2--1* and *q4--1*, which could all be detected at least five times across traits or years, and were defined as the major QTLs. In particular, *q6--2* had an overlapping peak for all four growth traits and the highest LOD score. Thus, it may play a major role in juvenile growth.Table 6Year on year correlation for SH, DBH, BD and CWSH2014SH2015SH2016DBH2015DBH2016BD2014BD2015CW2014SH20150.926^\*\*^SH20160.845^\*\*^0.953^\*\*^DBH20150.820^\*\*^0.944^\*\*^0.912^\*\*^DBH20160.727^\*\*^0.909^\*\*^0.951^\*\*^0.945^\*\*^BD20140.877^\*\*^0.860^\*\*^0.822^\*\*^0.818^\*\*^0.789^\*\*^BD20150.853^\*\*^0.935^\*\*^0.936^\*\*^0.935^\*\*^0.939^\*\*^0.908^\*\*^CW20140.844^\*\*^0.803^\*\*^0.771^\*\*^0.781^\*\*^0.730^\*\*^0.871^\*\*^0.822^\*\*^CW20150.714^\*\*^0.808^\*\*^0.810^\*\*^0.824^\*\*^0.846^\*\*^0.813^\*\*^0.859^\*\*^0.775^\*\*^\*\*Correlation is significant at the 0.01 level (2-tailed).'SH2016' represents seedling height in 2016, 'SH2015' represents seedling height in 2015, 'SH2014' represents seedling height in 2014, 'BD2015' represents basal diameter in 2015, 'BD2014' represents basal diameter in 2014, 'CW2015' represents crown width in 2015, 'CW2014' represents crown width in 2014, 'DBH2016' represents diameter at breast height in 2016, 'DBH2015' represents diameter at breast height in 2015Fig. 3Separate QTL analysis of the 4 growth traits in different years using the CIM method of R/QTL package. The x-axis indicates map position (cM) across the 11 LGs, while the y-axis represents the LOD scores. Horizontal line on the chart represents LOD threshold. 'SH2016', 'SH2015', and 'SH2014' represents seedling height in 2016, 2015 and 2014, respectively. 'BD2015' and 'BD2014' represents basal diameter in 2015 and 2014, respectively. 'CW2015' and 'CW2014' represents crown width in 2015 and 2014, respectively. 'DBH 2016' and 'DBH 2015' represents diameter at breast height in 2016 and 2015, respectively

The combined QTL analyses of individual growth trait in different years was conducted using the ICIM method of IciMapping software. QTLs were identified on six LGs, LG2, LG3, LG4, LG6, LG8, LG9 and LG11. The SH and BD also had the most similar LOD profiles (Fig. [4](#Fig4){ref-type="fig"}). In total, 24 QTLs, 10, 6, 5 and 3 QTLs for SH, BD, CW and DBH, respectively, were detected, with LOD scores varying between 2.56 to 9.69, and the PVE (phenotypic variance explained) of each QTL varied from 0.92 to 14.88% (Additional file [7](#MOESM7){ref-type="media"}). The 24 QTLs were further classified into 13 genomic loci (Additional file [7](#MOESM7){ref-type="media"}) based on the rules mentioned above, among them 5 loci (bold in Additional file [7](#MOESM7){ref-type="media"}), *q2--1*, *q2--2*, *q2--3*, *q4--1*and *q6--2* were also identified using the CIM method as mentioned above(Additional file [6](#MOESM6){ref-type="media"}). Thus, the ICIM method detected more QTL peaks than the CIM method even though a higher LOD threshold was set. Three loci, *q2--1*, *q4--1* and *q6--2*, were detected as effecting at least two traits (Additional file [7](#MOESM7){ref-type="media"}), with *q6--2* effecting four traits, *q2--1* effecting three traits and *q4--1* effecting two traits, and they explained 4.81--14.88% of the observed phenotypic variation.Fig. 4Combined QTL analysis of the 4 growth traits in different years using the ICIM method of IciMapping software. The x-axis indicates map position (cM) across the 11 LGs and the y-axis is LOD score. 'SH' represents seedling height. 'BD' represents basal diameter. 'CW' represents crown width. 'DBH' represents diameter at breast height

Comparing the QTL results of CIM and ICIM, the three loci (*q2--1*, *q4--1* and *q6--2*) repeatedly detected in at least two traits by both methods were accepted as stable and reliable QTLs. None of them had overlapping regions with SDRs on the map. Marker intervals within the three QTL confidence intervals identified by either of the two methods were used for further analysis. In total, *q6--2* contained 5 SLAF markers, *q4--1* contained 45 SLAF markers and *q2--1* contained 54 SLAF markers (Additional file [8](#MOESM8){ref-type="media"}). A BLAST algorithm-based search of SLAF markers against the unigene database of 'Zhongshanshan' found putative-related genes within the three stable QTL regions. Strict thresholds were set to ensure the credibility of the results. For *q6--2*, no annotated genes were predicted because of the scarcity of markers. For *q4--1*, Marker 20,554 showed a significant similarity to unigene comp127245_c0, which was annotated as encoding a receptor-like protein kinase (RLK) (Additional files [9](#MOESM9){ref-type="media"} and [10](#MOESM10){ref-type="media"}), and Marker 39,317 had a significant similarity to CL4975Contig1. For *q2--1*, Marker 29,918 showed a significant similarity to comp112880_c1. Neither did CL4975Contig1 nor comp112880_c1 had been annotated.

Discussion {#Sec12}
==========

SLAF-seq and marker development {#Sec13}
-------------------------------

The sequencing depth of SLAFs is an important indicator of the sequencing quality. For our raw data, the sequence depth was 11.12× for progeny and greater than 25× for parents. The greater read depths of these markers for parents and progeny ensured sequence and genotyping corrections of SLAFs mapped in the linkage map. We analyzed the sequencing dataset and found that the guanine--cytosine content was 36.22% on average, which is lower than in the sequenced transcriptomes of 'Zhongshanshan' \[[@CR25], [@CR26]\], which was about 44%. This showed the different characteristics between genomic and transcriptome sequence of *Taxodium*. Similar results were observed with Tree Peony \[[@CR20]\]. The statistics of the mapped SNP types showed that 64.52% were transition-type SNPs. This ratio is close to those of most other species, such as 68.23% in *Juglans regia* \[[@CR18]\] and *Gossypium hirsutum* \[[@CR29]\], 67.72% in *Paeonia* Sect. *Moutan* \[[@CR20]\] and 62.44% in *Sesamum indicu* \[[@CR30]\] . Of the initial SLAFs, 47.58% were polymorphic between two parents. The polymorphism rate of SLAFs was greater than that reported for the expressed sequence tag--SSR markers (31.52%) in *Taxodium* \[[@CR31]\]. The high polymorphic rate demonstrated that the genetic diversity in *Taxodium* is high. Thus, the SLAF-seq results revealed various genetic and genomic information of *Taxodium*.

Genetic map analysis {#Sec14}
--------------------

Large genome sizes, long generation times, outbred mating systems and the lack of a reference genome made it difficult to construct high-density genetic maps for conifers. We established a segregating population by backcrossing, which was more suitable for genetic map construction than F~1~ population usually used for forest trees. The final map contained 6156 SLAF markers that including10,710 SNPs. The number of LGs obtained was consistent with the haploid cell chromosome number. The Go was 1137.86 cM, and the average distance between markers was only 0.18 cM. Other SNP genotyping techniques have also been successfully applied to construct high-density genetic maps with mean marker distances below 1 cM for confiers, including *Picea glauca* \[[@CR8]\]*,Cryptomeria japonica* \[[@CR9]\]*, Picea abies* \[[@CR10]\]*, Pinus pinaster* \[[@CR11]\]*, Pinus taeda* \[[@CR12]\]*, and Callitris glaucophylla* \[[@CR13]\]. However, compared with those works, the number of mapped markers and marker density are both higher in this map (Table [7](#Tab7){ref-type="table"}), suggesting the high efficiency of SLAF-seq technology in de novo marker development and genotyping of conifers. Besides, since each SLAF markers contained a 100× 2-bp sequence information, our high-density genetic map might be helpful for future comparative genomic analysis and genome assembly of *Taxodium* and other Taxodiaceae species.Table 7Comparison of the linkage map constructed in this work to previously constructed for some other conifersFamilyGenusSpeciesSample sizeNo. of mapped markersMarker typeGenotyping methodNo. of linkage groupsObserved map length in cMAverage diatance between markers(cM)ReferenceTaxodiaceae*CryptomeriaCryptomeria japonica*1472560Genotyping chipSNP, SSR, EST-SSR, ALP111266.20.49\[[@CR9]\]*TaxodiumT.* 'Zhongshanshan 302' × *T. mucronatum*148179Electrophoretic separationSRAP, SSR34976.57.0\[[@CR21]\]*T. distichum* var. *distichum* × *T. mucronatum*15710,710SLAF-seqSNP111137.860.18This studyPinaceae*SprucePicea glauca*19768852Genotyping chipSLAF-SNP1218950.28\[[@CR8]\]*Picea abies*247686Genotyping chipsSNP121889.20.97\[[@CR10]\]*PinusPinus taeda*722841Sequence captureSNP, indel, MNP121637.40.58\[[@CR12]\]*Pinus pinaster*1131Genotyping chipsSNP1217080.67\[[@CR11]\]Cupressaceae*CallitrisCallitris glaucophylla*884284RAD-seqSNP, SSR111033.5 M0.24\[[@CR13]\]*MNP*, multiple-nucleotide polymorphism

Even though the average distance between markers is as small as 0.18 cM, 0.21% of marker interval spaces were greater than 5 cM and the average distance of the different LGs varied from 0.11 cM (LG10) to 1.32 cM (LG6). Regions of high marker density may occur in centromeric regions with reduced recombination rates, while regions of low marker density are associated with telomeres with higher rates of recombination. Enlarging the mapping population size(*N*) would be an effective way to further improve the resolution of the map. Since the homologous recombination rate of chromosomes during meiosis determines the genetic distance of markers on the map, a larger *N* can ensure the detection of smaller recombination rate, resulting a map with higher density and accurancy.

According to the Ge and estimated genome size, the physical distance within 1 cM genetic distance was estimated to be 8.55 Mb, which is much greater than the estimated 598.98 Kb in *Litopenaeus vannamei* \[[@CR32]\]*.* The genetic length is out of proportion to the physical distance, and the number of bases per cM varies greatly in different species. The chemical complexity of the genome directly affects the genetic length, and species with large amounts of genomic DNA, while shorter genetic lengths generally indicate a higher proportion of repetitive elements. Conifer genomes are reputed to be highly repetitive, for example, under permissive conditions, 80% of the *Pinus taeda* genome is repetitive \[[@CR33]\]. *Taxodium* has a closer phylogenetic relationship to *Cryptomeria* in the Taxodiaceae family \[[@CR34]\] and the genome size of *T. distichum* var. *distichum* (9.95 pg/C) is close to that of *Cryptomeria japonica* (10.05 pg/C) \[[@CR2]\]. The estimated haploid cell's DNA content in *C. japonica* is 10.8 Gb, and the Ge is 1278.5 cM \[[@CR9]\], meaning 8.45 Mb base per cM. This is close to the value in *Taxodium*. The observed genome coverages were 99.97%. Therefore, the genetic map has basically reached saturation.

SD analysis {#Sec15}
-----------

SD is a common and is thought to be a powerful evolutionary force for plants, since the SD markers always linked to fitness genes. To avoid losing information of such important markers, the 562 SLAF markers that showed significant SD with a *p* value between 0.01 and 0.05 were also inserted in this map. In total, 94.3% of the segregation distorted markers were clustered in 21 SDRs. Gametic selection (male gametic competition and female gametic selection) and zygotic selection play important roles in SDRs \[[@CR9], [@CR35], [@CR36]\]. The 21 SDRs in our study may be caused by female meiotic drive or zygotic selection because, in a BC~1~ population in which the F~1~ hybrid was the seed parent, male gametic-specific mechanisms can be excluded for SD \[[@CR37]\]. Studies on more reciprocal backcross and F~2~ populations could distinguish the roles of female and zygotic mechanisms in these SDRs \[[@CR37], [@CR38]\]. Molecular markers within the same SDR primarily skewed in the same direction, which was heterozygotes in our BC~1~ population (*T. distichum* var. *distichum* × *T. mucronatum*) × *T. mucronatum*, suggesting that heterozygotes were preferred under competition. If female gametic competition was the main factor influencing an SDR, then female gametes containing the *T. distichum* var. *distichum* alleles were preferentially transmitted.

However, if an SDR resulted from zygotic selection, multilocus epistasis, competitive interactions between zygotes or inbreeding depression may be the genetic mechanisms \[[@CR37]\]. In outbred forest tree species, inbreeding depression has often been advocated as a critical mechanism affecting zygote viability \[[@CR39], [@CR40]\] because trees always have a large genetic load and accumulate large numbers of recessive deleterious mutations in fitness genes, in which homozygosity would decrease the viability of plants. The phenomenon that SD are closely linked with recessive embryonic lethal \[[@CR39], [@CR41], [@CR42]\] or deleterious resistance-related genes \[[@CR43], [@CR44]\] has been extensively reported in forest trees. In the present study, F~1~ progeny was backcrossed with its male parent *T. mucronatum*. Predictably, many recessive deleterious genes from *T. mucronatum* would become homozygous and cause individual death, as a result, markers linked with these genes tend to skew towards heterozygotes. In our mapping population, all of the mapped distorted markers were skewed towards heterozygotes, inbreeding depression may be the primary mechanism. Blast analysis found that marker40499 in SDR9.1 may be a fragment of a 'Zhongshanshan' unigene annotated as a member of the Toll/interleukin-1 receptor-nucleotide binding site-leucine rich repeat (TIR-NBS-LRR) gene family, one of the largest plant disease resistance gene family \[[@CR45], [@CR46]\], which may further support this hypothesis.

Phenotypic correlation analysis {#Sec16}
-------------------------------

GD and DBH of trees are determined by the secondary growth of vascular cambium. SH is mainly influenced by the primary growth of the shoot apical meristem (SAM). CW is determined by the length and angle of the branches, thus, SAM is also a major factor affecting CW. Researches found that SAM and vascular cambium share overlapping regulatory systems, and most essential SAM regulators are also expressed in the vascular cambium during woody growth, such as members of Class I KNOX transcription factors, homeobox genes, *CLAVATA* genes, Class III homeodomain-leucine zipper transcription factors, KANADI transcription factors \[[@CR6], [@CR47]--[@CR49]\]. Here, SH, GD, DBH and CW had high level of phenotypic correlations, this may be the result of the similar basal regulatory mechanisms underlying primary and secondary meristem of trees.

QTL analysis of growth traits {#Sec17}
-----------------------------

The accuracy of QTL mapping is influenced by the mapping method used, and an improper method may lead to erroneous or false positive results. CIM and ICIM methods were both used to ensure the reliability of the identified QTLs. ICIM detected about twice the number of QTLs identified by CIM, indicating that ICIM had higher detection power, which is in agreement with the characteristics of this method \[[@CR50]\]. The SH and BD had the most similar LOD profiles in both methods, indicating the strong genetic relevance of the transverse and longitudinal growth of trunk. The PVE of each QTL was, in general, low, varying between 1.82 and 13.15% in the CIM method and between 0.92 and 14.88% in the ICIM method. However, this result is in agreement with previous findings obtained for growth traits in forest trees, with most values being between 4 and 12% \[[@CR7]\].Here, the QTLs detected by two methods simultaneously were believed to be highly reliable, and three major QTLs (*q6--2*, *q4--1* and *q2--1*) were found to be stable. In particular, *q6--2* was most frequently detected in both methods with high LOD and PVE scores. This represents a major QTL underlying growth. That QTLs underlying different traits were detected in overlapping regions can explained in three ways: (1) the presence of pleiotropic effects in which a gene has an impact on the metabolic pathways of multiple traits (2) QTLs affecting different traits exist in clusters; and (3) the distances between two adjacent markers are large and may contain multiple QTLs. The markers within the three stable QTLs may have the potential to be used in MAS in 'Zhongshanshan' growth breeding. Notably, a growth QTL may sometimes identify genetic loci contributing to inbreeding depression \[[@CR51]\], which makes the use of markers within QTLs for MAS more complex. However, in this study, none of the three stable QTLs overlapped with SDRs in the map.

The regions of the three stable QTLs may harbor strong candidate genes for 'Zhongshanshan' juvenile growth. The fast development of genome information (such as transcriptomes) with new genotyping technologies has allowed the successful identification of strong candidate genes within QTL intervals in several plants \[[@CR52], [@CR53]\]. Three markers showed significant similarities to unigenes, among which, one unigene was annotated as an *LRR-RLK* gene. Plant *LRR-RLK*s are structurally similar to the animal growth factor receptors \[[@CR54]\], many of them are specially expressed in vascular tissues and vital for plants' stem growth \[[@CR55]--[@CR57]\]. Thus, this gene may also play an important role in 'Zhongshanshan' secondary vascular system development. The remaining two unigenes with no functional annotations may be new genes, whose function deserve deeper analysis.

The population used for QTL detection here consisted only 157 offsprings, which was relatively small compared to recent work in other conifers \[[@CR7], [@CR8]\]. The detection efficiency of QTL may be reduced due to the small *N*. Firstly, *N* affects the accurate positioning of QTL on the map. The bias of the recombination rate estimator decreases with the increasing of *N*, resulting a more accurate calculated distance between QTL and markers \[[@CR58]\]. Secondly, N affects the number of signficant QTLs detected, since, LOD increased with the increasing of N \[[@CR58]\]. Li et al.\[59\]inferred that for *N* = 100, 200, and 400, the probability of locating QTL with PVE of 4% to the 10 cM confidence interval was 29%, 67% and 91%, respectively. Thirdly, *N* affects the accurancy of PVE. Xu \[[@CR58]\] found that the bias of QTL genetic variance decreased with the increase of *N*. Since PVE is determined by the genetic variance and phenotypic variance of QTL \[[@CR59]\], increasing *N* would lead to a downward bias in the estimation of PVE. Therefore, building a much larger population as soon as possible will provide a guarantee for more efficient QTL positioning.

Conclusion {#Sec18}
==========

We constructed a high-density genetic map of *T. distichum* var. *distichum* × *T. mucronatum* using the SLAF-seq strategy and identified three stable major QTLs underlying growth traits that explained the high-phenotypic variation. This laid the foundation for MAS in 'Zhongshanshan' for growth breeding. Additionally, with more genome information becoming available for Taxodiaceae using NGS, the identification of more key genes within QTL intervals using the sequence information of SLAF markers may be possible. The candidate gene within the QTL annotated as encoding LRR-RLK protein may be a promising target gene for increasing growth in *Taxodium*, which worth next-step functional verification.
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Additional file 2:Heat maps of the genetic map. Tif. Each cell represents the recombination rate of two markers. Yellow indicates a lower recombination rate and purple a higher one. (TIF 15423 kb) Additional file 3:The 530 SLAF markers encompassed in the 21 SDRs. (XLSX 66 kb) Additional file 4:Result of the blast analysis of the markers within the SDRs against the unigene database of 'Zhongshanshan'. (PDF 186 kb) Additional file 5:The annotation of unigenes showing significant similarities to the SLAF markers within SDRs. (XLSX 16 kb) Additional file 6:The characters of 7 consensus loci associated with growth-related traits across years detected by the CIM method. (DOC 215 kb) Additional file 7:The characters of 13 consensus loci associated with growth-related traits across various years detected by the ICIM method. (DOC 60 kb) Additional file 8:The SLAF markers encompassed in the major growth associated locus as revealed by QTL analysis. (XLSX 24 kb) Additional file 9:Result of the blast analysis of the markers within the intervals of the three stable QTLs against the unigene database of 'Zhongshanshan'. (PDF 126 kb) Additional file 10:The sequence and annotation of unigenes showing significant similarities to growth-linked SLAF markers of 'Zhongshanshan'. (XLSX 16 kb)

BD

:   Basal diameter

CIM

:   Composite interval mapping

cM

:   centiMorgan

CW

:   Crown width

DBH

:   Diameter at breast height

GBS

:   Genotyping by sequencing

Ge

:   Expected genome length

Go

:   Observed genome length

ICIM

:   Inclusive composite interval mapping

LG

:   Linkage group

LOD

:   Logarithm of odds

MAS

:   Marker-assisted selection

NGS

:   Next-generation sequencing

PVE

:   Phenotypic variance explained

QTL

:   Quantitative trait loci

RAD-seq

:   Restriction-site-associated DNA sequencing

SAM

:   Shoot apical meristem

SD

:   Segregation distortion

SDR

:   Segregation distortion region

SH

:   Seedling height

SLAF-seq

:   Specific locus amplified fragment sequencing

SNP

:   Single nucleotide polymorphism

We are also grateful to Qin Shi, Guofeng Zhao, Mingzhi Li and Zhiquan Wang for the precious assistance and comments in improving our research.

Funding {#FPar1}
=======

The high throughput sequencing was financially supported by grants from the National Youth Foundation of China (31700588), the Natural Science Foundation of Jiangsu (BK20160601) and (BK20150551). The conservation and management of the mapping population were supported by the Jiangsu Agriculture Science and Technology Innovation Fund \[No. CX(16)1005\]. The editing and publishing fee were supported by the Priority Academic Program Development of Jiangsu Higher Education Institutions (PAPD) .

Availability of data and materials {#FPar2}
==================================

The raw data of SLAF-seq is being uploaded to the NCBI SRA database under accession number PRJNA486869. Other datasets supporting the conclusions of this article are included within the article and its additional files.

YY conducted the experiments, analyzed the data and wrote the manuscript. LX was responsible for the QTL analysis. CY, WF and JG participated in the measurement of phenotypes and preparation of DNA. ZW collected plant materials. JX carried out crossbreeding and constructed the mapping group. YLY designed the project and revised the manuscript. All authors read and approved the final manuscript.

Ethics approval and consent to participate {#FPar3}
==========================================

Not applicable.

Consent for publication {#FPar4}
=======================

Not applicable.

Competing interests {#FPar5}
===================

The authors declare that they have no competing interests.

Publisher's Note {#FPar6}
================

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
